Sepsis is a systemic inflammatory response syndrome caused by severe microbial infection. Uncontrollable activation of both inflammatory and coagulation pathways may result in multiple organ failure, a leading cause of death in intensive care unit even in developed countries.
An adhesive protein von Willebrand factor (VWF) plays a pivotal role on hemostasis and thrombosis by mediating platelet adhesion and aggregation 1 , but is also known to be an acute-phase reactant whose plasma concentration is significantly increased in response to inflammation 1, 2 . From the standpoint of the human defense system, VWF could therefore be a key protein serving as a functional link between inflammation and thrombosis 2 . Indeed, recent mouse model studies demonstrated that proper functional regulation of VWF-dependent inflammatory responses by ADAMTS13 considerably suppressed disease progression of brain stroke 3, 4 or myocardial infarction 5, 6 . However, the precise mechanisms or relevant roles of VWF in inflammation remain poorly understood thus far. We therefore studied the physiologic relevance of VWF-dependent inflammatory responses in a mouse model of experimental sepsis involving cecal ligation and puncture (CLP).
VWF gene-deleted (VWF-/-; knock-out: KO) mice with C57BL/6 background were purchased from The Jackson Laboratory (Bar Harbor, ME). All animal experiments were approved by the Institutional Animal Care and Use Committee of Nara Medical University.
CLP was performed according to the established protocol with minor modifications 7 .
Briefly, each male KO mouse or wild-type (WT)-C57/BL6 mouse (10-13 weeks of age)
was anesthetized with isoflurane and its abdominal wall was opened through a 1-cm midline incision. The exposed cecum was ligated with 4-0 Sofsilk (Covidien, Mansfield, MA), punctured with an 18G needle and gently pressed until a small drop of stool appeared.
The cecum was returned to the peritoneal cavity and the body wall and skin incision were closed with 4-0 Sofsilk. Two hundred microliters of saline were injected into the peritoneal cavity before the final suture to avoid dehydration. In some experiments (n=22 for the Kaplan-Meyer analysis), human VWF (20 μg/mouse), which was purified from cryoprecipitate as previously described 8 , was injected into KO mice via tail vein just after CLP (indicated as "KO+VWF" in the Figure 1 ). Excess bleeding was not observed in any of the WT or KO mice during or after CLP operation. A preliminary experiment determined the ligation position of the cecum, a major factor in mouse mortality in the CLP approach 7 . For induction of mid-grade sepsis that would achieve the survival of approximately half of WT mice, the cecum was ligated at half the distance between distal pole and the base of the cecum. In some experiments (WT, KO or KO+VWF; n=5 each), blood was harvested by cardiac puncture 24 h after CLP. Total white blood cell (WBC) numbers and the WBC differential were counted manually by microscopic examination of a blood sample that was spread in a thin film on a glass slide. Simultaneously, the ligated cecum was removed, fixed, and stained with hematoxylin and eosin (H&E) to evaluate neutrophil recruitment at cecal tissues. In other experiments (WT; n=10, KO; n=13), blood was harvested from the submandibular vein to keep mice alive for subsequent observations.
Mouse survival rates were analyzed by the Kaplan-Meyer method and log-rank test. WBC and neutrophil numbers were analyzed with the Bonfferoni test or Student t-test. P values < 0.05 were considered to be significant.
In the present CLP conditions, the survival rate of KO mice was significantly lower than that of WT ( Figure 1A In studies by VWF-KO mouse strategy, it is however necessary to consider that these mice, in addition to the lack of VWF, indicate impaired P-selectin functions due to the loss of intact Weibel-Palade bodies 9 . Consequently, VWF-KO mice could exhibit reduced leukocyte rolling and adhesion on endothelial cell layers in vivo, resulting in the impaired leukocyte recruitment. Thus, it is unclear whether the impaired leukocyte recruitment in KO mice shown in the current study reflects VWF deficiency or the functional defect of endothelial P-selectin. In this regard, Petri et al 10 demonstrated that the function-blocking antibody of VWF significantly decreased neutrophil recruitment in WT-mice, albeit with intact P-selectin function as well as normal leukocyte rolling and adhesion on endothelium. In their study, the blockage of VWF function was shown to significantly reduce the neutrophil extravasation, which could be essentially mediated by the VWF-platelet glycoprotein Ib interaction.
In addition, the lower survival rate ( Figure 1A ) and impaired leukocyte recruitment ( Figure 1B and C) observed in VWF-KO mice were significantly restored by the administration of human VWF in the present study. Although the human VWF reactivity to mouse platelets or ADAMTS13 is uncertain or known to be reduced so far, our results in the human VWF infusion study strongly suggest the critical involvement of VWF in the neutrophil recruitment in inflammatory responses. Thus, VWF likely contributes to adequate leukocyte recruitment at inflammatory loci in response to severe microbial infection possibly by supporting leukocyte extravasation at the microcirculation system where blood flow creates high shear stress 1 . Neutrophil accumulation at the inflammatory locus could encapsulate microbes and prevent their systemic dissemination.
In addition to neutrophil recruitment, the beneficial effects of VWF in sepsis may be explained by the recently proposed concept of "immunothrombosis" 11 . In response to microbial infection, both inflammatory and thrombotic pathways are triggered as innate defense systems. Locally generated thrombi could thereby seal in infectious microbes and detrimental inflammatory mediators at locally inflamed sites by interrupting blood flow.
Indeed, recent studies have shown that mice deficient in coagulation factors such as tissue factor, factor V and fibrinogen, exhibited significantly lower survival rates than WT in experimental sepsis 12, 13 , reflecting impaired thrombin or fibrin generation. In this regard, decreased factor VIII activity due to the VWF absence in VWF-KO mice may partly contribute to the imparted thrombin generation. In addition, defective VWF-mediated platelet aggregation in peripheral capillaries could promote microbial dissemination throughout the body, resulting in the lower survival rate observed in VWF-deficient mice in this sepsis model, in analogy with fibrinogen-deficient mice that may fail to prevent microbial expansion due to the absence of fibrin-net formation 13 .
Although VWF-mediated thrombotic or inflammatory responses are beneficial for the microbial extinction as discussed above, it is important to consider a possibility that such VWF-dependent reactions may inversely be disadvantageous in septic states.
VWF-dependent platelet aggregation may hinder the microcirculatory blood flow that is crucial for the viability of tissues or organs in the context of microbial infection. Indeed, mouse mortality in CLP-induced sepsis critically depends on the cecal ligation position as this determines the extent of lesion ischemia 7 . This might explain the previous discrepant observation by Lerolle administration, walled-off abscess formation was observed in all surviving mice, whereas such abscess formation was not found in mice that died within 2 days after CLP.
